Hyperthermic isolated limb perfusion (ILP) with high-dose melphalan is a treatment option for melanoma patients with metastasis confined to limbs (in-transit metastasis). The therapy entails a complete response (CR) rate of 50-70%. Cellular immunity is proposed to impact on the clinical efficacy of ILP, but the detailed aspects of ILP-induced immune activation remain to be explored. For this study, we explored the potential role of interferon-stimulated gene (ISG) products, including CXCL10, CCL2, PD-L2 and IFN-γ along with expression of their cognate receptors CXCR3, CCR4, CCR5 and PD-1 on lymphocytes, for the clinical efficacy of ILP. Patients with high serum levels of CXCL10, CCL2, PD-L2 and IFN-γ were more likely to achieve CR after ILP. Additionally, the expression of CXCR3, CCR4 and CCR5 on T cells and/or natural killer (NK) cells was enhanced by ILP. Peripheral blood mononuclear cells (PBMCs) secreted high levels of CXCL10, CCL2 and IFN-γ in response to co-culture with melphalanexposed melanoma cells in vitro. Activated T cells migrated toward supernatants from these co-cultures. Furthermore, melphalan-exposed melanoma cells triggered upregulation of CXCR3, CCR4, CCR5 and PD-1 on co-cultured T cells and/or NK cells. Our results suggest that constituents released from melphalanexposed melanoma cells stimulate the ISG axis with ensuing formation of chemokines and upregulation of chemokine receptor expression on anti-neoplastic immune cells, which may contribute in ILP-induced tumor regression.
Introduction
Interferons (IFNs) are potent antimicrobial proteins that control the spread of viral infections but are also endowed with immunomodulatory properties. 1 Upon ligating their cognate receptors, type I (IFN-α, IFN-β) and type II (IFN-γ) IFNs signal via the JAK-STAT pathway, which may result in the expression of hundreds of interferon-stimulated genes (ISGs). 2 Several ISGs encode proteins that participate in protection against pathogens, but ISG products are also involved in immune modulation and chemotaxis. 3 Earlier studies have demonstrated a link between the degree of T cell infiltration in malignant tumors and an intratumoral type I and type II interferon signature. 4 ISG products thus comprise T cell-recruiting chemokines, including CCL2, CCL4, CCL5 and CXCL10. CXCL10 is primarily induced by IFN-γ in monocytes, endothelial cells and fibroblasts. 5 Its cognate receptor, CXCR3, is expressed by activated T cells and NK cells 6, 7 but may also be expressed by melanoma cells. 8, 9 CCR4 interacts with CCL2, CCL4 and CCL5, while CCR5 interacts with CCL4 and CCL5. CCR4 and CCR5 may be expressed by T cells and NK cells.
Isolated limb perfusion (ILP) is a procedure that allows for the local administration of systemically intolerable doses of melphalan to an isolated limb. ILP is used primarily in patients with melanoma metastases confined to a limb (in-transit metastasis). The impact of ILP on overall survival has not yet been documented in larger studies; however, ILP carries a complete response (CR) rate, referring to the complete disappearance of tumors after 3 months, of 50-70%. 10, 11 Patients often experience tumor regression during several months after perfusion, 12 which implies that the treatment may comprise activation of anti-tumoral immunity. In line with this assumption, we have recently reported that ILP triggers an increase of activated T cells in peripheral blood, and that CR following ILP is significantly associated with presence of activated and antigen-specific CD8 + T cells prior to perfusion. 13, 14 These findings thus support that induction of cellular immunity may, in part, explain the clinical benefit of ILP.
The purported role of an immune-related mechanism of action of ILP, along with the potential impact of ISGs for the recruitment of T cells to the tumor microenvironment, incited us to investigate a putative link between ILP and ISG products. We assessed systemic levels of ISG-related chemokines and the expression of their cognate receptors on lymphocytes among peripheral blood mononuclear cells (PBMCs) before and after ILP and correlated these aspects of ISG biology with clinical outcome. Our results imply that induction of ISG products and their receptors may contribute to the antitumor efficacy of ILP.
Results
Association between high expression of ISG products and clinical efficacy of ILP Serum samples were collected before ILP (43 patients) and follow-up samples were collected 1 month later (11 patients). Serum was analyzed for content of ISG products such as chemokines and other soluble factors using multiplex immunoassays. Fifty-eight percent of the patients achieved CR following ILP, and the levels of ISG products were compared between CR and non-CR patients. Patients achieving CR showed significantly higher serum levels of CXCL10 and PD-L2 prior to ILP (Figure 1(a,c) ) and higher levels of CCL2, PD-L2 and IFN-γ 1 month after ILP (Figure 1(b-d) ). Serum levels of PD-L2 increased significantly following ILP with similar albeit non-significant trends for CXCL10, CCL2 and IFN-γ (Figure 1(e-h) ). These trends toward ISG induction were not observed for CCL4 or CCL5 (Fig. S1 ). The serum levels of ISG products were similar in melanoma patients and healthy subjects with the exception of PD-L2 that was higher in melanoma patients after ILP than in control subjects (Figure 1(g) ).
Patients were also dichotomized by having above or below median serum levels of none to 1 or 2 to 4 of the ISG products Figure 1 . ISG product levels predict CR after ILP. The serum concentration of (a) CXCL10, (b) CCL2, (c) PD-L2 and (d) IFN-γ in melanoma patients achieving a complete response (CR) and not achieving a complete response (Non-CR) before (pre-op.) and 1 month after (post-op.) ILP (non-paired Mann-Whitney test). The serum concentration of (e) CXCL10, (f) CCL2, (g) PD-L2 and (h) IFN-γ in melanoma patients and in healthy controls (Ctrl) (paired Wilcoxon test between pre-op. and post-op., non-paired Kruskal-Wallis test followed by Dunn's multiple comparison test for ctrl vs. pre-op. and vs. post-op). Data are presented in box-and-whiskers plots with min. and max. (i,j) Patients were dichotomized by above or below median levels of CXCL10, CCL2, PD-L2 and IFN-γ and were grouped based on having above median levels of 0-1 ISG products, or 2-4 ISG products. The fraction of patients within each group achieving CR or not (non-CR) are shown for ISG-grouping based on (i) pre-op. samples (n = 38) and (j) post-op. samples (n = 11; Fisher's exact test).
CXCL10, CCL2, PD-L2 and IFN-γ. Patients with above median expression levels of multiple ISG products, before or after ILP, were significantly more likely to achieve CR (Figure 1(i,j) ). Additionally, we compared the ISG product levels among patients with different Wieberdink limb toxicity scores 15 but did not observe correlations between the level of ISG transcription and the toxicity of the ILP regimen (data not shown).
Intratumoral expression of ISGs and ISG products
Single-cell suspensions from tumor biopsies obtained prior to ILP were available from 10 patients. Supernatants obtained after culture of the single-cell suspensions for 48 h were analyzed for CCL2 and CXCL10 by ELISA, while mRNA purified from the cells in the culture was analyzed for expression of CCL2, CXCL10 and PDCD1LG2 by RT-qPCR. These analyzes did not reveal significant differences in ISG expression levels between CR and non-CR patients. Apart from a partial responder (PR) patient (marked by a half-filled circle in the figure), all non-CR patients expressed low levels of ISGs on gene and protein levels compared with CR patients (Fig. S2 ).
High ISG expression levels in advanced melanoma tumors are linked to a favorable prognosis
The favorable impact of ISG induction, as reflected by the presence of systemic ISG-encoded proteins, on the clinical outcome after ILP incited us to investigate the potential correlation between transcription of ISGs and survival in a larger melanoma dataset. We thus mined The Cancer Genome Atlas (TCGA, http://cancergenome.nih.gov/) for intratumoral ISG mRNA in patients with advanced/metastatic melanoma (n = 470). It was observed that patients with above median intratumoral mRNA expression of CXCL10, CCL2, PDCD1LG2 or IFNG showed significantly improved overall survival (Figure 2(a-d) ). The effect on survival was pronounced for patients with above median expression of multiple ISGs (Figure 2(e) ).
ILP induces expression of receptors for ISG products on PBMCs
PBMCs were isolated from peripheral blood from 14 melanoma patients before and after ILP. T cells and NK cells within PBMCs were analyzed by flow cytometry for expression of receptors to ISG products. It was observed that the expression of CXCR3, the cognate receptor to CXCL10, and CCR5, the receptor to CCL4 and CCL5, was significantly increased on NK cells following ILP (Figure 3(a,g)) . Furthermore, the expression of CCR4, the receptor to CCL2, We previously showed that the levels of regulatory T cells (T regs ) in blood and their expression of PD-1 increases following ILP. 13 In analyzes aiming to define if the high chemokine receptor expression reflected expression in T regs or in conventional CD4 + T cells, it was observed that the expression of CXCR3 was significantly higher on conventional CD4 + T cells while T regs (CD3 + CD4 + CD25 + CD127 − ) 16 expressed higher levels of CCR4 and CCR5 (Fig. S3 ).
Receptor expression on intratumoral and peripheral blood lymphocytes
Tumor-infiltrating lymphocytes (TILs) were analyzed from eight tumor biopsies, and the T and NK cell content along with receptor expression of intratumoral lymphocytes were compared with lymphocytes in peripheral blood from the same patients. There was a trend toward a higher fraction of CD8 + T cells in tumors while the frequency of NK cells and CD4 + T cells among lymphocytes was lower in tumors than in peripheral blood (Figure 4 (a-c)). The expression of CCR5 and PD-1 was significantly higher on TILs compared with lymphocytes in blood while the opposite trend was observed for expression of CXCR3 and CCR4 ( Figure 4(d-o) ). Due to a low number of non-CR patients, analysis of the impact of TILs and their receptor expression on outcome could not be performed. However, chemokine receptor expression by transcriptome analysis in the TCGA melanoma data set revealed that high intratumoral content of CXCR3, CCR5 and PD-1 were significantly beneficial in terms of overall survival (Fig. S4 ).
Melphalan-exposed melanoma cells trigger secretion of CXCL10, CCL2 and IFN-γ from PBMCs
To define the mechanistic impact of melphalan on ISG induction during ILP, an in vitro model of ILP was established wherein A375 cells were exposed to a sub-lethal concentration of melphalan and subsequently co-cultured with PBMCs from healthy donors. Cell culture supernatants collected after 48 h of co-culture were analyzed for soluble CXCL10, CCL2, IFN-γ, IFN-α2 and IFN-β. While no detectable levels of IFN-α2 and IFN-β were found, it was observed that melphalan-exposed melanoma cells triggered extensive production of CXCL10, CCL2 and IFN-γ from co-cultured PBMCs ( Figure 5(a-c) ). Co-cultures of non-exposed melanoma cells with PBMCs showed higher levels of CXCL10, CCL2 and IFN-γ than PBMCs cultured alone, but the levels were considerably lower in the absence of melphalan ( Figure 5(a-c) ). Melanoma cells cultured alone, with or without melphalan-exposure, produced non-detectable or very low levels of CXCL10 (<20 pg/ml, n = 6), approximately 100 times less CCL2 than the levels in melphalan-exposed co-cultures (1740 ± 370 pg/ml, mean ± SEM, n = 6) and non-detectable levels of IFN-γ (<28 pg/ml).
Supernatants obtained from melphalan-exposed melanoma cells did not mimic the ISG-stimulating effect of the melphalan-exposed melanoma cells (data not shown).
Melphalan-exposed melanoma cells stimulate expression of receptors for ISG products on lymphocytes
To determine effects of melphalan-exposed melanoma cells on lymphocyte expression of receptors for ISG products, nonadherent PBMCs were transferred to new plates after 48 h of co-culture followed by culture in medium with IL-2 for 4 days. Flow cytometry analysis revealed that CD4 + T cells, CD8 + T cells and NK cells expressed higher levels of CXCR3 and CCR4 after culture with melphalan-exposed melanoma cells than with non-exposed melanoma cells ( Figure 6(a-f) ). Similar results were obtained for CCR5 on NK cells and for PD-1 on CD4 + and CD8 + T cells ( Figure 6(g-l) ). As melanoma cells may express CXCR3, it was also investigated whether or not short-term exposure of melphalan induced CXCR3 expression on melanoma cells. In these experiments, melphalanexposed A375 cells were found to significantly upregulate CXCR3 as compared with non-exposed control cells (Fig. S5 ).
Activated t cells migrate toward supernatants from melphalan-exposed melanoma cells
To define the functional consequences of melphalan-induced formation of ISG-derived chemokines and their cognate receptors, we performed lymphocyte chemotaxis assays using supernatants obtained from the previously utilized PBMC-melanoma co-cultures. T cells that had been activated using an anti-CD3 antibody, but not non-activated T cells, showed significant migration toward supernatants derived from co-cultures of PBMCs and melphalan-exposed melanoma cells (Figure 7 ). The degree of induced migration was similar to that triggered by the positive control (recombinant human CXCL10). Supernatants obtained from co-cultures between PBMCs and non-melphalan exposed melanoma cells did not induce significant migration. In accordance, the presence of tumor-infiltrating lymphocytes (TILs) within ILP tumor biopsies, as determined by flow cytometry, correlated positively with the intratumoral levels of the chemokine CCL2, as measured in supernatants of single cell tumor biopsy suspensions (Fig. S6 ).
Discussion
Patients with advanced cutaneous malignant melanoma may respond favorably to immunotherapy, such as neutralizing antibodies against CTLA-4 and PD-1/PD-L1. 17 A high degree of immune cell infiltration, in particular by subsets of T cells, in the tumor microenvironment reportedly heralds favorable prognosis and responsiveness to checkpoint inhibitors, as reviewed in 18 and. 19 T cell infiltration in tumors may also predict a favorable response to chemotherapy and radiotherapy. 19, 20 Furthermore, chemotherapy and radiotherapy have been proposed to facilitate intratumoral infiltration of immune cells, thus enhancing the efficacy of checkpoint inhibitors. 20 We have previously reported that circulating CD8 + T cells become activated following ILP and that the presence of activated 
CD8
+ T cells in blood predicts complete disappearance of tumors in the perfused area. 13, 14, 21 For the present study, we assessed the potential role of ISG-associated chemokines, chemokine receptors and related mediators for the benefit of ILP in patients with intransit metastatic melanoma. We report that ILP patients who achieved CR showed higher serum levels of ISG products such as CXCL10, CCL2, PD-L2 and IFN-γ compared with non-CR patients. In agreement, analysis of TCGA data revealed a significant clinical benefit of high intratumoral mRNA expression of these ISGs in patients with advanced melanoma. While there were trends toward systemic induction of several ISG products after ILP, only levels of PD-L2 were significantly increased.
In an in vitro model aiming to mimic ILP, we observed that melphalan exposure triggered a pronounced induction of CXCL10, CCL2 and IFN-γ in melanoma/PBMC co-cultures. In this setting, PBMCs constituted the main source of CXCL10, CCL2 and IFN-γ. IFN-α2 and IFN-β, were undetectable in these supernatants, thus suggesting that type I interferons were not major contributors to induction of ISG in these experiments.
We also observed that the expression of CXCR3, CCR4 and CCR5 was significantly higher on T cells and NK cells in peripheral blood of melanoma patients than in healthy controls. The lymphocyte expression of these receptors was further increased following ILP with similar results observed for PD-1 on CD4 + T cells, which is in agreement with a previous study. 13 In analogy with these in vivo findings, results achieved using an in vitro model of ILP suggested that PBMCs cultured in the presence of melphalan-exposed melanoma cells expressed higher densities of CXCR3, CCR4, CCR5 and PD-1 than did PBMCs cultured with non-exposed melanoma cells. These results indicate that melphalanexposed melanoma cells stimulate an ISG response comprising production of chemokines and other soluble mediators by immune cells along with induction of surface expression of chemokine receptors and PD-1 on lymphocytes.
The functional relevance of these findings was supported by results achieved in assays of T cell chemotaxis. Activated T cells (CD4 + and CD8 + ) thus showed significant migration toward supernatants from a PBMC co-culture with melphalan-exposed melanoma cells, but did not migrate significantly toward supernatants obtained from co-cultures of PBMCs and melanoma cells in the absence of melphalan. T cells that had not been activated with an anti-CD3 antibody, but merely expanded in the presence of IL-2 displayed no chemotactic capacity, which is in line with the view that the expression of chemokine receptors is restricted to activated or memory-type T cells. 22 Overall, these findings support that the observed melphalan-induced induction of ISG-derived chemokines and their cognate receptor expression influences the chemotactic behavior of subsets of activated T cells.
We had access to melanoma tumors from patients obtained prior to ILP and observed a positive correlation between intratumoral CCL2 levels and CD8 + T cell content. Although these results were obtained in a small series of patients, the results are in line with previous studies indicating a link between ISG expression and presence of TILs in melanomas. 4, 23 When comparing receptor expression on TILs and PBMCs, the TILs showed higher expression of CCR5 and PD-1 but tended to express lower levels of CXCR3 and CCR4. While the limited number of biopsies available from ILP patients precluded a meaningful analysis of the potential clinical benefit of receptor-positive cells, the TCGA database showed significant overall survival benefit of high intratumoral expression of CXCR3, CCR5 and PDCD1 mRNA. In TCGA, the mRNA expression of CCR4 did not significantly impact on survival, which may be explained by Figure 5 . Melphalan-exposed melanoma cells induce expression of CXCL10, CCL2 and IFN-γ in PBMCs during co-culture. PBMCs from healthy donors were cultured with melphalan-exposed melanoma cells, non-exposed melanoma cells or were cultured alone for 48 h. After 48 h the levels of (a) CXCL10, (b) CCL2 and (c) IFN-γ were measured in the cell culture supernatants (n = 9; paired Friedman test followed by Dunn's multiple comparison test). Data are presented as mean with SEM. the predominant expression of CCR4 on T h2 cells and T regs , while CXCR3 and CCR5 are highly expressed by T h1 cells.
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CXCR3 has been ascribed a dual role in melanoma as its expression on lymphocytes may facilitate the recruitment of T cells and NK cells to the tumor microenvironment, but expression of CXCR3 on melanoma cells themselves may enhance metastatic spread. 8,9,25 As we did not have access to tumor biopsies after ILP, in vivo effects of melphalan on CXCR3 expression on melanoma cells were not investigated. However, when comparing the expression of CXCR3 on melphalan-exposed and non-exposed melanoma cells in vitro, it was apparent that melphalan induced expression of CXCR3 on melanoma cells in addition to triggering its expression on lymphocytes. According to transcriptome analysis in the TCGA database, the net effect of high CXCR3 expression in melanoma biopsies predicted favorable outcome in terms of overall survival.
In conclusion, the results of this study suggest that ILP triggers the transcription of ISG products, which may contribute to the regression of in-transit melanomas induced by this regimen. Further studies are warranted to define the impact of ISG induction on tumor regression following ILP, in addition to defining the potential impact of ILP on overall survival. We have recently initiated a clinical trial combining ILP and anti-PD1 antibodies (NCT03685890). The trial may shed further light on the potential role of ISGs and other aspects of immune activation for the clinical benefit of ILP.
Materials and methods

Patients and sampling of PBMCs and serum
Patients with in-transit melanoma metastases confined to a limb who received ILP at the Sahlgrenska University Hospital were included in this study. For patient characteristics, see Table S1 . The ILP procedure is described in detail elsewhere. 10 In brief, the blood circulation of the affected limb was isolated by cannulation of the major artery and vein under general anesthesia. The cannulas were then connected to an oxygenated extracorporeal circulation unit (heart-lung machine). Collateral vessels were compressed using an Esmarch bandage. Melphalan dosed according to limb volume (Alkeran®, 13 mg/l in upper limbs or 10 mg/l in lower limbs) was administered into the perfusion circuit during 20 min. The temperature was held at 40°C with a total perfusion time of 60 min. For patients with bulky tumors (>3 cm) or for patients undergoing a repeated procedure, TNF-α was also used, in addition to melphalan, during perfusion. Peripheral blood was drawn approximately 1 day before and 1 month after ILP. PBMCs were purified from BD Vacutainer® CPT™ cell preparation tubes (BD Biosciences, #362782) according to the manufacturer's protocol and subsequently cryopreserved. Peripheral blood was also collected in Vacuette® tubes (Greiner Bio-One, #455009) and serum was extracted after centrifugation for 10 min at 2000 g. Serum was aliquoted and frozen until analysis.
Tumor biopsies were obtained from patients before ILP. Single cell suspensions were prepared enzymatically and mechanically using the Tumor Dissociation Kit, human (Miltenyi Biotec, #130-095-929) and the gentleMACS™ Dissociator (Miltenyi Biotec) according to the manufacturer's protocol. The cell suspensions were cryopreserved until analysis.
Clinical responses were evaluated according to the World Health Organization (WHO) criteria 3 months after ILP. Complete response (CR) was defined as disappearance of all lesions, partial response (PR) as reduction of more than 50% of the tumor burden, and progressive disease (PD) as an increase of more than 25% of existing lesions or the appearance of new lesions. Stable disease (SD) was defined by absence of the criteria for CR, PR or PD. For the analysis of ISG products and their receptors vs. outcome, clinical responses were defined as either CR or non-CR (i.e. PR, PD and SD). All patients gave written consent and the study was approved by the Regional Ethical Review Board in Gothenburg, Sweden (No. 424-14) . 
Sampling of PBMCs and serum from healthy controls
PBMCs were purified from buffy coats from anonymous healthy donors obtained from the Component Laboratory at Sahlgrenska University Hospital. The PBMCs were isolated with dextran sedimentation followed by density gradient separation with Lymphoprep™ (Alere Technologies AS, #1114547). Serum was extracted from peripheral blood from healthy donors as described above.
Culture of tumor single cell suspensions
Tumor single cell suspensions were thawed and seeded in U-bottomed 96-well plates at seeding densities of 20 × 10 4 cells/ml or 100 × 10 4 cells/ml. The cells were cultured in IMDM (ThermoFisher Scientific, #21980065) supplemented with 10% heat-inactivated fetal bovine serum (Sigma-Aldrich) and 100 U/ml penicillin-streptomycin (ThermoFisher Scientific, #15140122) for 48 h at 37°C and 5% CO 2 . At the end of the culture, cell culture supernatants were collected and frozen, while RNA was isolated from cells using the RNeasy Plus Mini Kit (Qiagen, #74134) according to manufacturer's protocol. Potential contamination by melanin was removed with RNeasy PowerClean Pro Cleanup Kit (Qiagen, #13997-50).
In vitro model of hyperthermic isolated limb perfusion
An in vitro model of ILP was established using the human melanoma cell line A375 and PBMCs from healthy donors. A375 cells were purchased from CLS Cell Lines Service GmbH (Eppelheim, Germany) and authenticated using Multiplex Cell Authentication by Multiplexion (Heidelberg, Germany) as described. 26 The SNP profile matched the known profile. The cell line was tested for mycoplasma contamination using PCR at the Bacteriology Laboratory at Sahlgrenska University Hospital (Gothenburg, Sweden). A375 cells were cultured in DMEM (Sigma-Aldrich, #D6429) supplemented with 10% heat-inactivated fetal bovine serum, 100 U/ml penicillin-streptomycin, 10 μg/ml Fungin™ (InvivoGen, #ant-fn-1), 1 mM sodium pyruvate (Sigma-Aldrich, #S8636) and 2 mM L-glutamine (Life Technologies, #25030123) at 37°C and 5% CO 2 . The cells were exposed to a sub-lethal concentration (50 µM, causing 20-30% cell death) of melphalan hydrochloride (Alkeran®) for 1 h aiming to mimic the clinical ILP protocol. After exposure, the melanoma cells were thoroughly washed and cultured in complete medium overnight after which PBMCs from healthy donors were added to the melanoma cells in co-culture. PBMCs were cultured with melphalan-exposed (or non-exposed) A375 cells in flat-bottomed 48 well-plates for 48 h. Thereafter, the supernatant was collected and the non-adherent PBMCs were transferred to new cell culture plates for cultivation for an additional 4 days in IMDM with 10% heat-inactivated fetal bovine serum, 100 U/ml penicillin-streptomycin, 10 μg/ml Fungin™, 2 mM L-glutamine and 500 U/ml recombinant human IL-2 (PeproTech, #200-02).
Chemotaxis assay
PBMCs from healthy donors were cultured for 4 days in IMDM with 10% heat-inactivated fetal bovine serum, 100 U/ml penicillin-streptomycin, 10 μg/ml Fungin™, 2 mM L-glutamine, 1 mM sodium pyruvate and 500 U/ml recombinant human IL-2. Half of the cultures were also supplemented with an anti-CD3 monoclonal antibody (clone: OKT3, 50 ng/ml, eBioscience™, #16-0037-85) in order to activate the T cells. After 4 days, the PBMCs were resuspended in IMDM with 0.1% bovine serum albumin (MP Biomedical, #160069) at a concentration of 1 × 10 6 cells/ml, and 100 μl of the cell suspension was added to Transwell® inserts with pore size 5.0 μm placed in flat-bottomed 24-well plates (Corning® Transwell® polycarbonate membrane cell culture inserts, Sigma-Aldrich, #CLS3421-48EA). IMDM with 10% heat-inactivated fetal bovine serum, with or without recombinant human CXCL10 (100 ng/ml, R&D Systems, #266-IP) as a positive control or supernatants obtained from PBMCmelanoma co-cultures collected 48 h after start of the co-culture (two parts supernatant and one part complete IMDM medium), was added to the wells underneath the Transwell® inserts. After 4 h of incubation at 37°C, the migrated cells were collected, stained with T cell and NK cell markers and counted using counting beads (CountBright™ Absolute Counting Beads, Thermo Fisher Scientific, #C36950) by flow cytometry. The fraction of cells that migrated was calculated as fold change to the negative control, e.g. IMDM with only 10% serum and no additional chemoattractant.
Analysis of chemokines and other soluble factors in serum and culture supernatants
Chemokines and other soluble factors from serum were assessed in multiplex immunoassays utilizing Luminex technology. Serum from ILP patients and from healthy donors were analyzed with a 14-plex immune checkpoint panel (Human Immuno-Oncology Checkpoint Marker Panel, Invitrogen, #EPX14A-15803-901) and a 27-plex cytokine panel (Bio-Plex™ Pro Human Cytokine Standard 27-Plex Group 1, Bio-Rad, #M500KCAF0Y) according to the manufacturers' protocols. All measurements were performed using a Bio-Plex™ 200 System (Bio-Rad).
Soluble CXCL10, CCL2, IFN-γ, IFN-α2 and IFN-β in cell culture supernatants were measured using a CXCL10 ELISA kit (Human CXCL10/IP-10 DuoSet ELISA, R&D Systems, #DY266-05), a CCL2 ELISA kit (Human CCL2/MCP-1 DuoSet ELISA, R&D Systems, #DY279-05) and ELISA kits for IFN-γ, IFN-α2 and IFN-β (Human IFN-gamma/IFNalpha 2/IFN-beta DuoSet ELISA, R&D Systems, #DY285B-05/#DY9345-05/#DY814-05) together with Substrate Reagent Pack (R&D Systems, #DY999) in 96-well plates (Corning™ 96-Well Half-Area Plates, Fisher Scientific, #10052511) according to manufacturer's protocol. For samples with protein levels lower than the detection limit, 50% of the lowest detected concentration was utilized in statistical calculations.
Flow cytometry
Staining with conjugated antibodies was performed in phosphate buffered saline (PBS) with 0.5% BSA and 0.1% EDTA. Cell viability was determined using LIVE/DEAD™ Fixable Yellow Dead Cell Stain Kit (Life Technologies, #L34959). Table S2 provides a list of conjugated antibodies. Flow e1684126-10cytometry was conducted on a BD LSRFortessa™ instrument (BD Biosciences) with subsequent data analysis using BD FACSDiva Software version 8.0.1 (BD Biosciences).
Reverse transcription quantitative PCR (RT-qPCR)
RNA from tumor biopsy cultures were reverse transcribed into cDNA using the TATAA GrandScript cDNA Synthesis Kit (TATAA Biocenter, #A103b) at 22°C for 5 min, 42°C for 30 min, and 85°C for 5 min. Gene expression was determined with qPCR utilizing TATAA SYBR® GrandMaster® Mix (TATAA Biocenter, # TA01-5000) in a CFX384 Touch Real-Time PCR Detection System (Bio-Rad), with a thermal cycling profile of 95°C for 2 min followed by 50 cycles of amplification (95°C for 5 s, 60°C for 20 s, 70°C for 20 s). Cycle of quantification (Cq) values were determined with regression. Pre-processing was performed in GenEx ver. 6 (MultiD Analyses AB). Briefly, missing data were replaced with Cq values corresponding to one-fourth of the minimum number of molecules detected in the assay and all data were normalized to the reference gene GAPDH, chosen among eight potential reference genes with the NormFinder algorithm. Cq values were converted to relative quantities and technical replicates were averaged. qPCR primers were ordered from Sigma-Aldrich, and a full list of the primers is found in Table S3 .
Statistical analyses
Statistical analyses were performed in GraphPad Prism 8.0.2 (GraphPad Software) and non-parametric statistical tests were utilized for all samples except for the experiment involving only cell lines (Fig. S2) . To test for multiple comparisons KruskalWallis test was used for non-paired samples and Friedman test was used for paired samples, both followed by Dunn's multiple comparison test. Single comparisons were made with paired Wilcoxon and paired t-test. Fisher's exact test was used to compare distribution within two groups. Survival analyses were performed by Kaplan-Meier statistics and log-rank tests. Correlation analyses were performed by Spearman correlation.
